To dissociate the effects of age and hearing impairment on changes in frequency selectivity, auditory filter shapes were measured at 2 kHz in four groups of subjects: (1) normal-hearing young subjects; (2} normal-hearing elderly subjects; (3) elderly hearing-impaired listeners; and (4) young normal-hearing listeners with simulated hearing losses. Filter shapes were derived using a modified version of the notched-noise procedure [Glasberg and Moore, Hear, Res. 47, 103-138 (1990)]. Equivalent rectangular bandwidths (ERBs) of auditory filters were not significantly different in young and elderly subjects with normal 2-kHz hearing. Furthermore, filter widths for young subjects with 20-and 40-dB simulated hearing losses overlapped with those obtained from elderly subjects with corresponding degrees of actual hearing loss. One measure that did show significant differences between actual and simulated hearing losses was the degree of filter asymmetry; auditory filters in hearing-impaired listeners were more asymmetrical than those obtained from noise-masked normal-hearing subjects. The dynamic range of auditory filters, however, was comparable for hearing-impaired and noise-masked listeners. Lastly, post-filter detection efficiency was also similar for young and elderly subjects with equivalent hearing levels. These findings suggest that the reduced frequency selectivity often reported for older listeners can be attributed, primarily, to hearing loss rather than increased age. Implications of the results for speech perception in the elderly and models of hearing impairment are discussed.
INTRODUCTION
The peripheral auditory system has traditionally been modeled (Fletcher, 1940) as containing a series of overlapping bandpass filters, the auditory filters, with approximately linear response characteristics. The shape of these filters can be considered a transfer or weighting function imposed upon the amplitude spectrum of a sound. Considerable evidence now exists that the selectivity of auditory filters can be altered by a number of diverse factors, including cochlear impairment (Zwicker and Schorn, 1978 ; Florentine eta!., 1980; Glasberg and Moore, 1986; Tyler, teners, the effects of age per se could not be determined because of associated age-related differences in hearing sensitivity. Results from the notched-noise experiment demonstrated that, while both hearing impairment and age contributed to broader auditory filters, the two factors accounted for 25% and 4% of the variance, respectively. This finding suggests that hearing loss, rather than age, is the principal factor accounting for the reduced frequency resolution that has been reported for older listeners. This conclusion is supported by results from a number of recent experiments (Peters and Moore, 1992a,b; Peters et al., 1992) designed to dissociate the effects of hearing loss and age on frequency selectivity. Peters and Moore (1992a) measured auditory-filter shapes in young and elderly subjects at frequencies between 100 and 800 Hz where both groups had essentially normal hearing. With the exception of the lowest frequency (100 Hz), they found no significant difference in equivalent rectangular bandwidths (ERBs) as a function of age. They did, however, obtain differences in the efficiency with which the signals were detected after filtering; older listeners displayed reduced detection efficiency relative to younger subjects. In a seeond study, Peters and Moore (1992b) reported that ERBs were not significantly different in young and elderly hearing-impaired individuals with similar degrees of hearing loss. In contrast to the earlier investigation, however, they did not find significant differences in detection efficiency as a function of age.
It is important to note that while recent studies of age-related changes in frequency selectivity (Peters and Moore 1992a,b) implicate absolute sensitivity as the principal factor contributing to broader auditory-filter shapes in elderly listeners, they have not been designed to examine whether hearing loss or specific cochlear and retrocochlear pathologies account for the changes. For example, the results of Peters and Moore (1992b) , demonstrating that younger and older subjects with comparable hearing losses exhibit similar changes in auditory filters, do not address the issue of whether the parallel reductions in selectivity and sensitivity are due to similar pathologie conditions or whether the two groups have distinct patterns of cochlear impairment resulting in nearly identical functional disruptions. Yet a third explanation consistent with their findings is that similar alterations in absolute sensitivity can produce equivalent reductions in frequency resolution independent of hearing loss etiology or the presence of eochlear pathology. That is, there may be an interdependence between the mechanisms mediating frequency selectivity and absolute sensitivity such that disruptions to either system produce changes in both.
The purpose of the present investigation was twofold.
First, we wanted to determine whether there are agerelated changes in auditory-filter shapes in frequency regions known to be important for speech perception. Although Peters and Moore (1992b) demonstrated that auditory filters can remain unchanged in elderly listeners at low center frequencies, where absolute sensitivity is not affected by presbyeusis, there is little indication that similar results obtain for higher frequency regions. Determining whether there are age-related changes in auditory filters at higher frequencies is important for assessing whether reduced frequency resolution is an important contributor to the poorer-than-expected speech-in- number of measures of frequency resolution, including auditory-filter shapes, the predicted data for noisemasked normal subjects agreed quite well with thresholds obtained from hearing-impaired subjects with comparable threshold elevations. These findings suggest that noise-masked normal listeners can provide appropriate controls for determining the extent to which changes in certain psychoacoustic capacities are due to cochlear pathology or elevated thresholds. In the present investigation, the two comparisons that are of particular importance are measures of auditory-filter shapes in young noisemasked normal-hearing subjects versus elderly hearingimpaired listeners and normal-hearing young subjects DN  25  15  20  5  35  40   RA  10  15  20  15  55  70   CR  15  15  5  15  15  35   PY  25  20  10  20  35  70   MR  20  25  30  30  50  60   FR  40  25  25  25  75  85   GH  5  20  10  25  40  90   MF  5  5  20  45  50  50   JW  25  40  40  40  40  65   DL  15  30  45  45  65  60   JK  35  35  45  50  90+  90+ versus normal-hearing elderly individuals. Similar auditory-filter shapes for these two comparison groups would be consistent with the hypothesis that age per se does not alter the shape of auditory filters and that comparable threshold elevation, rather than specific cochlear pathology, is sufficient to produce corresponding changes in auditory-filter shapes.
I. METHODS

A. Subjects
Eleven elderly (age 68-83) and four young (age 25-33) listeners served as experimental subjects. The older listeners all displayed some degree of high-frequency hearing impairment but differed with respect to the configuration of their losses. Table I lists pure-tone air-conduction hearing levels (ANSI, 1989) for the test ear of elderly listeners at octave frequencies between 0.25 and 8 kHz.
Elderly subjects were divided into three groups based on the extent of their hearing loss at 2 kHz. The mean absolute threshold at 2 kHz for the four young normalhearing subjects was taken as 0 dB HL and hearing losses for elderly listeners were established relative to this value. The first group, subsequently referred to as normal-hearing elderly listeners, consisted of three older subjects with 2-kHz thresholds less than 15 dB HL. Group two, the elderly mild impairment group, contained four older listeners with absolute thresholds between 20 and 30 dB HL.
The final group, referred to as elderly moderate impairment, had four listeners with thresholds between 40 and 50 dB HL at 2 kHz. The four younger listeners all had 2-kHz thresholds that were less than 10 dB HL (ANSI, 1989) and reported no history of otologic problems. Each of the younger subjects was tested in quiet and in the presence of two levels of a narrow-band masker designed to elevate thresholds at 2 kHz by either 20 or 40 dB. One of the younger subjects was author MS. All subjects had previous experience in psychoacoustic experiments and were paid an hourly rate.
B. Stimuli and equipment
Auditory-filter shapes were measured using the notched-noise procedure developed by Patterson (1976) and later modified by Glasberg and Moore (1990) . Two separate noise bands were positioned either symmetrically or asymmetrically around a pure-tone signal (e.g. f•). 
C. General procedure
Subjects were tested individually while seated in a double-walled sound attenuating booth (IAC). Masked thresholds were determined using an adaptive two-interval forced-choice (2IFC) procedure. Each interval was 500 ms in duration and was marked on a CRT screen coincident with stimulus presentation. There was a 500-ms silent period between the two intervals. The signal-was temporally centered within one of the intervals selected randomly on each trial. The order of masker conditions (notch widths) was also randomly determined for each subject. For each notch width, the signal was initially set at least 10 dB above the subject's estimated threshold. The signal was decreased 10 dB following two consecutive correct detections and increased 10 dB after the first miss. The step size was reduced from 10 to 2 dB after the first incorrect response.
A change from either a correct detection to a miss or vice-versa defined a reversal. Threshold was determined as the mean signal level for the final 8 of 11 reversals. Subjects were tested on a given condition until the standard deviation of three consecutive threshold measures was less than 3 dB. This same procedure, without the notched noise, was used to determine pure-tone air-conduction thresholds at 2 kHz.
As noted above, to dissociate the effects of age and hearing impairment on the shape of auditory filters, subjects were divided into three groups according to the extent of their hearing loss (either simulated or actual) relative to the mean 2-kHz threshold of the normal-hearing young listeners. Within each group, masked thresholds were averaged separately for young and elderly listeners and auditory-filter shapes were derived using these mean threshold values.
D. Auditory-filter shapes in noise-masked normalhearing listeners
For the four young normal-hearing subjects, ntchednoise thresholds were also obtained in the presence of a narrow-band noise. The additional masker was designed to elevate thresholds in the young subjects such that absolute sensitivity (and, presumably, loudness recruitment) was similar to that of elderly listeners. The bandwidth of the noise used to simulate hearing losses was 150 Hz (a value exceeding average critical band measures at 2 kHz in normal-hearing subjects) and was centered at 2 kHz. It was produced by low-pass filtering a separate noise source at 75 Hz with two cascaded 135-dB/octave filters and multiplying the output of the filters by a 2-kHz sinusold. The resulting noise band was varied in amplitude as necessary to match the masked thresholds of young listeners to the absolute thresholds of the elderly.
The normal-hearing young listeners were tested with two levels of the narrow-band noise sufficient to elevate quiet thresholds at 2 kHz by 20 and 40 dB. The narrowband masker was digitally recorded (Panasonic DAT SV3500} and played continuously during simulated hearing loss conditions. To minimize interactions between the noise used to produce hearing losses and the noise bands from the notched-noise masker, the no-notch condition was eliminated when testing subjects with simulated hearing losses. Thus only when the relative deviation of either the upper or lower band of the notched-noise masker was 0.05f• was there both spectral and temporal overlap between the masker used to derive auditory-filter shapes and the narrow-band noise used to simulate hearing losses.
E. Derivation of auditory-filter shapes
Auditory-filter shapes were derived based on models developed by Patterson (1976) and Glasberg and Moore (1990) . According to these models, filter shapes are determined by fitting smooth-line functions to the threshold data and taking the derivative of this function. The response of the filter at a given frequency is therefore proportional to the slope of the threshold function at that frequency.
In general, auditory filters derived using this procedure take the form of two exponential functions placed side by side with a rounded top. Patterson et al. (1982) termed this the rounded exponential (roex) filter and showed that it can be well fit using two parameters: • p which defines the filter's passband and r which limits its dynamic range. The shape of the filter W(g) is given by W(g) = (1 --r) ( 1 +pg)exp(--pg) +r,
where W is the intensity weighting function of the filter and g is the normalized distance from the filter's center frequency. The parameter p defines the slope of the filter's skirts and is allowed to differ for the upper and lower halves of the filter (the slope of the lower skirt is given by Pt and the slope of the upper skirt is given by P,). The value of r places a limit on the dynamic range of the filter and is assumed to be equal for the upper and lower halves. A parameter K, which provides an estimate of the efficiency of signal detection after filtering, can also be obtained using the roex model. Here, K indicates the signalto-noise ratio at the output of the filter required to reach threshold (70.7% correct using the present paradigm).
The value of K is reflected in the absolute levels of individual threshold curves.
Filter shapes were derived by (1) assuming starting values for P, and Pt; (2) calculating threshold curves for these values from Eq. ( 1 ) (for both symmetric and asymmetric conditions); (3) determining the mean-squared deviation between predicted and obtained thresholds; and (4) altering filter parameters so as to minimize the meansquared deviation between actual and predicted threshold curves. These procedures were implemented using a computer program published by Glasberg and Moore (1990) . It was assumed that, for a given notch width, the center frequency of the filter used to detect the 2-kHz signal, was the one yielding the highest signal-to-noise ratio. The program used to derive auditory-filter parameters allowed for shifts in the center frequency equivalent to 0.15rs and altered the bandwidth of the filters as described by Glasberg and Moore (1990) to account for changes in filter shape as a function of center frequency.
II. RESULTS
A. Auditory-filter shapes and age ference between the masking data for young and elderly normal-hearing subjects was that there was approximately a 5-dB greater drop in thresholds for the young listeners between the smallest and largest notch widths. The similarity in masked thresholds is reflected in the auditory-filter shapes derived from these data which are shown in Fig. 2 . The dashed line indicates the filter for the older group while the solid curve shows the corresponding filter for younger subjects. Except for a 5-to 7-dB smaller dynamic range for elderly listeners, there was considerable overlap in the shape of auditory filters for the two groups. The efficiency of signal detection after filtering (K) is represented by the relative vertical positions of the two functions. The filter for elderly listeners was not displaced vertically relative to that for younger subjects suggesting that processing efficiency did not differ between the two groups. Table II lists individual filter-shape parameters for all subjects tested in this study. Column headings, except the final one, correspond to parameters defined above. The last column, labeled "Asymm," is a measure of the degree of asymmetry within the filter and is represented by the value PulP1. Comparison of values for the first two groups listed in the table, the young and elderly normal-hearing listeners, indicated that there were no significant differences in filter-shape parameters as a function of age (Student's t test for differences between young and elderly for Pa Pu, ERB, K, r, and Asymm were: --0.65, --0.55, --0.53, --0.02, --0.74, --0.22, respectively; in all cases p>0.05). The largest ERB value obtained for any of the normal-hearing listeners was 0.165 for subject MS who was part of the young listener group. Figure 3 shows average masked thresholds for subjects with mild hearing losses (either young subjects with simulated 20-dB hearing losses or elderly subjects with 20-to 30-dB hearing impairments). As was the case for normal- -filter shape parameters for young normal-heating, elderly normal-hearing, young noise-masked and elderly hearing-impaired  listeners. Column headings are: HL hearing level (relative to the average of the four normal-hearing young subjects) ; Pt•slope of low-frequency side; Pu--slope of high-frequency side; ERB•equivalent rectangular bandwidth; r•dynamie range; K---efficiency measure; Asymm--asymmetry of the filter Filter shapes for young and elderly subjects with mild hearing losses are shown in Fig. 4 . The greater asymmetry for older listeners, noted in the threshold data, was due largely to a shallower low-frequency slope for these subjects. However, values of Pt were not significantly different (t=1.98; p>0.05) for young and elderly listeners. The parameter Asymm, which measured overall filter asymmetry, did show significant age-related changes (t=2.71; p<0.05) for the two groups suggesting slightly more asymmetrical filters for the elderly listeners. Differences between younger and older subjects on the remaining parameters Pu, ERB, K, and r were all nonsignificant (t ----0.12, --1.09, --0.17, and 1.27, respectively; for all comparisons, oe > 0.05).
Figures 5 and 6 show masked thresholds and auditoryfilter shapes for listeners with moderate hearing losses (40-dB simulated loss in young or 40-to 50-dB actual loss in elderly). The roex (p,r)model again provided a good fit to the data with average rms deviations between predicted and obtained thresholds for younger and older listeners of 1.01 and 1.25 dB, respectively. Both groups of subjects exhibited flatter threshold curves and broader auditoryfilter shapes compared to listeners with either normal hearing or mild losses. However, the ERBs of filters for young and elderly subjects in the moderate-loss condition were not significantly different (t=0.25; p>0.05). Furthermore, as was the case for listeners with mild hearing impairments, auditory filters were more asymmetrical (t =-2.96; p < 0.05) for elderly subjects with moderate impairments than their younger noise-masked controls. This difference in filter asymmetry was due to combined effects of both the high-and low-frequency sides because there was no significant difference between the two age groups with respect to either slope alone (t for differences between young and elderly for P/=0.25; for Pu=0.96; in both cases p> 0.05). Other filter parameters including the dynamic range and detection efficiency did not differ as a function of age (t for r=0.03 and for K= --0.77; p>0.05). jects, ERBs were similar for hearing levels less than 15-20 dB after which they increased with increasing threshold elevation. Thus, for a given hearing level, there was considerable overlap between the ERBs of younger and older subjects. The data were best fit by an exponential function of the form:
ERB=0.016+0.14(absolute threshold).
B. Relationship among auditory filter parameters Table III displays Pearson product-moment correlations between auditory filter parameters for subjects tested in quiet (i.e., data from simulated hearing losses have been excluded). As expected, both age and hearing loss were significantly correlated with the ERBs of auditory filters. level suggesting that the two variables, age and hearing loss, may not independently affect auditory-filter widths. Furthermore, there was a stronger correlation between hearing level and ERBs (0.91) than between age and ERBs (0.51 ) suggesting that changes in absolute sensitivity may be the principal contributor to increases in the width of auditory filters. Table IV shows correlations between auditory-filter shape parameters with the effects of hearing level partialed out. As indicated in the table, once differences in absolute sensitivity were removed from the correlations, there was no longer a significant relationship between age and ERB. The only correlations that remained significant after the effects of absolute threshold had been partialed out were between ERB and asymmetry and between dynamic range and efficiency. Table II . *--significant at the 0.05 level; **--significant at the 0.01 level. 
where F is frequency in kHz. For a filter centered at 2 kHz, this equation gives a predicted ERB value of approximately 0.24 kHz which is somewhat higher than the average ERBs obtained from normal-hearing subjects in the present experiment. The discrepancy may be due, at least in part, to the fact that Eq. , 1991 ) suggesting that, for frequencies greater than 1 kHz, the efficiency of signal detection following auditory filtering, denoted by the parameter K, does not change as a function of age. Peters and Moore (1992a), however, have reported significant negative correlations between age and processing efficiency for signals at octave frequencies between 100 and 800 Hz. They suggested that one reason this relationship may not have been found in prior investigations is that inherent fluctuations in the notched-noise masker used to measure auditory-filter shapes can impair signal detection. Since the fluctuations are more rapid, and hence easier to detect, when they are processed through broader auditory filters, previous investigations may have masked any increase in K as a function of age by measuring filter shapes in elderly listeners at frequencies where ERBs were greater than normal. That is, the broader-than-normal filters of elderly subjects caused more rapid fluctuations at the output of the filter which may have made the signal easier to detect. In the study by Peters and Moore (1992a), auditory-filter shapes were measured at signal frequencies where ERB values were similar for older and younger listeners which allowed the decreased efficiency for older subjects to become apparent. The present results argue against this explanation for the similarity of processing efficiency in older and younger listeners at 2 kHz because ERB values for the two groups at this frequency were nearly identical. The possibility remains, however, that processing efficiency is decreased in older subjects at lower frequencies. Peters and Moore (1992a) provided initial support for this hypothesis by demonstrating that, as signal frequency is reduced from 800 to 100 Hz, there is a greater increase in K for elderly normal-hearing subjects than for unimpaired young listeners. That is, both groups exhibit poorer processing efficiency at lower frequencies where inherent noise fluctuations have a greater effect on performance . The increase in K is greater for elderly subjects, however, because they may also have reduced processing efficiency at these lower frequencies.
It should be noted that values of K for the normalhearing young and elderly subjects in the present study were generally higher and more variable than have been reported by other investigators using similar experimental parameters (Glasberg and Moore, 1986; Glasberg et al., 1984 An important distinction between the results of this study and those of Dubno and Schaefer (1992), however, is that, in the present investigation, auditory-filter shape parameters were not significantly different for noisemasked normal-hearing and elderly hearing-impaired listeners. In contrast, Dubno and Schaefer (1992) observed significant differences for the filter-shape parameters p and ERB in listeners with actual and simulated hearing losses. The difference in the two studies may be, at least in part, attributable to differences in the maskers used to simulate the hearing losses. In this study, normal-hearing thresholds were elevated using a narrow-band masker centered at the signal frequency. This avoided spectral overlap between the notched-noise masker used to measure auditory-filter shapes and the masker used to simulate hearing losses. Dubno and Schaefer (1992) thresholds would be to make auditory-filter parameters more like those for unimpaired listeners in quiet. Consistent with this hypothesis, Dubno and Schaefer (1992) found that values for ERB and p were quite similar in normal-hearing subjects tested in quiet or with broadband spectrally shaped noise.
The similarity of auditory-filter shapes in individuals with simulated and actual hearing impairments that was demonstrated in the present experiment cautions against using behavioral measures of frequency selectivity to estab-lish cochlear mechanisms responsible for changes in frequency resolution. Peters and Moore (1992a) and Peters et al. (1992), for instance, have suggested that demonstrations of analogous changes in auditory-filter shapes in young and elderly subjects matched for hearing loss indicates that both idiopathic loss in the young and presbyeusic loss in the elderly impair the active cochlear mechanisms thought to be largely responsible for the sharp tuning of the cochlea (Yates, 1986; Pickles, 1988) . Furthermore, they interpret their finding (Peters and Moore, 1992b ) that similar degrees of high-and low-frequency heating impairment produce comparable changes in frequency resolution as an indication that the active processes operate in both the apical and basal portions of the cochlea. However, such conclusions may be premature in light of the present findings that the ERBs of auditory filters can increase in the absence of cochlear or retrocochlear pathology. Zwicker and Schorn (1978) have also shown that cochlear pathology is not a necessary condition for producing changes in frequency selectivity.
One alteration in auditory-filter shapes that may be a direct consequence of coehlear pathology, however, is a change in the asymmetry of the filters. As noted above, for a given amount of threshold elevation, the only difference between simulated and actual hearing-impaired listeners, was that the latter demonstrated significantly greater asymmetries in auditory filters. For the two groups with elevated thresholds (mild and moderate hearing impaired subjects), there were significant positive correlations (r =0.75 and 0.58, respectively for mild and moderate amounts of threshold elevation) between age and filter asymmetry. The principal difference between older and younger subjects in the hearing-impaired groups was that the older listeners had actual hearing losses, presumably due to some type of cochlear pathology, while the younger subjects did not. Furthermore, the correlation between age and asymmetry for subjects with elevated thresholds is unlikely due to age-related changes in asymmetry because there was no correlation between age and asymmetry (r = 0.01; p > 0.05) among normal-hearing young and elderly subjects. This finding agrees with data from Glasberg and Moore (1986) who also showed no relationship between age and filter asymmetry. Taken together, therefore, these findings suggest that one effect of cochlear pathology may be to increase the asymmetry of auditory filters relative to that found for unimpaired ears.
IV. CONCLUSIONS
(1) Auditory-filter shapes were not significantly different in young and elderly subjects with normal hearing at the test frequency of 2 kHz.
(2) Simulated hearing losses in young subjects and actual hearing impairments in elderly listeners produced comparable changes in ERBs of auditory filters. This finding suggests that hearing loss, independent of specific cochlear pathology, is sufficient to alter frequency selectivity.
(3) The efficiency of signal detection at 2 kHz was not significantly different for young and elderly subjects with similar hearing levels.
(4) Auditory filters that are altered by threshold elevations attributable to cochlear pathology may be more asymmetrical than those altered by the introduction of external noise.
